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The Microwave Anisotropy Probe (MAP) was launched June 30, 2001 to create an all-

sky map of the Cosmic Microwave Background. The mission's hardware suite included

two Lockheed Martin AST-201 star trackers, two Kearfott Two-Axis Rate Assemblies

(TARAs) mounted to provide X, Y and redundant Z-axis rates, two Adcole Digital Sun

Sensor (DSS) heads sharing one set of electronics, twelve Adcole Coarse Sun Sensor

(CSS) eyes, three Ithaco E-sized Reaction Wheel Assemblies (RWAs), and a Propulsion

Subsystem that employed eight PRIMEX Rocket Engine Modules (REMs). This

hardware has allowed MAP to meet its various Orbit and Attitude Control Requirements,

including performing a complex zero-momentum scan, meeting its attitude determination

requirements, and maintaining a trajectory that places MAP in a lissajous orbit around the

second Sun-Earth Lagrange point (L2) via phasing loops and a lunar gravity assist.

Details of MAP's attitude determination, attitude control, and trajectory design are

presented separately. This paper will focus on the performance of the hardware

components mentioned above, as well as the significant lessons learned through the use

of these components. An emphasis will be placed on spacecraft design modifications that

were needed to accommodate existing hardware designs into the MAP Observatory

design.

MAP's requirement of 1.3 arcminutes, RSS of three axes, necessitated the use of a star

tracker for attitude determination. For this task, the project selected the Lockheed Martin

AST-201, a quaternion-output tracker that was modified to autonomously track stars at

rates up to 3°/second in order to work during MAP's all-sky scan. As is discussed

separately, both of MAP's trackers have easily exceeded MAP's requirements, providing

quaternions that are accurate to better than 2 arcseconds with respect to their boresights

(<30 arcseconds about the boresight) during either Inertially-fixed or spinning operations.

Some credit for the excellent stray light performance of the AST-20 l's should be given to

MAP's sunshield design, which keeps the entire spacecraft shaded during Observing

Mode operations in order to keep the Instrument passively cooled. Originally, it was

thought that MAP's solar panels and multilayered thermal blanketing would be sufficient

to keep stray light away from the star tracker, so a shorter (5") stray light baffle was

selected for both trackers to save mass. During launch site preparations, it was

discovered that small perforations added to the thermal blanketing to improve surface

conductivity actually allowed the blankets to transmit light onto the back surface of the

solar arrays, into each star tracker's stray light field of view. A modification nicknamed

"the batwing" was made to the blankets in the trackers' stray light fields of view. An

additional layer of conductive black kapton covered the transmission paths while not

sacrificing surface conductivity requirements, while a curved surface nicknamed "the



jellyroll" addeda layerof diffractionprotectionattheedgesof thearrays. This design
hasworkedwonderfullyon-orbit,with very few instancesof straylight contamination
throughthemissionandnoneoncein normalObservingModepasttheMoon.

Theperpendicularspinof MAP's ObservingModerelativeto bothof thestartracker
boresightsalsoallowedtheACS teamto find andfix anerrorin theattitude
determinationalgorithm. SincetheAST-201designdoesnot includean interfaceto
determinethetracker'sinertial location,thevelocityaberrationcorrectionalgorithmis
implementedin MAP's spacecraftcomputer.During In-Orbit Checkout,thedifference
betweenthe"corrected"quaternionsfor eachtrackerwasseento vary in a sinusoidal
patternwith amplitudeof approximately20arcseconds.A flight softwaretableload
correctedtheaberrationcorrectionalgorithm,andthesinewavedisappeared.This
experiencesuggestsanon-orbittestthatcanbeperformedto verify thevelocity
correctionalgorithm,eliminatingapossiblesourceof error for futuremissions.

As mentionedabove,MAP usestwo KearfottTARAs for ratedeterminationandattitude
propagation.BothTARAs haveperformedon-orbitasexpected,easilymeetingthe
requirementsof theMAP mission,but their uniqueinterfacerequiredspecific
improvementsto theMAP softwareto ensuretheir performancewasmet. Insteadof
performingscalefactortemperaturecompensationwithin eachTARA, thecompensation
equationsareprovidedto thespacecraftto computerelativeto ananalogmeasurementof
gyro temperature.Thisdesignchoiceeliminatesanadditionalroundof calibrationand
testing,andmakessensegiventheTARAs positionasalower-costalternativeto higher-
performancegyros. Theanalogtemperatureinterfacecomesout of eachTARA by
separatepinsthataredrivenby thesameanalogdriver. OnMAP, thosepinsare
connectedto redundantAttitude ControlElectronics(ACEs),bothsynchronizedto the
mainspacecraftprocessor.SincebothACEsrun thesamesoftware,it is possiblefor the
TARA analoginterfaces(thegyromotorcurrentusesa similar interface)to bereadby
bothACEsat once,with theunfortunateconsequencethatonewill corrupttheanalog-to-
digital conversionof theother. Thiswouldhavetheeffectof disruptingthescalefactor
calculationfor oneACScycle,apossiblysignificantperformanceimpactgiventhe
3°/secondscanrate. Two separatemodificationsweremadeto theACSsoftwareto fix
thisproblem. TheACE softwarewasmodifiedto introduceadelayin theA/D
conversionon oneof theACE's, sothattheprocesswouldnot besynchronized.This
greatlyreducedthechancesof aA/D corruption,butdid not eliminatethepossibility
sinceeachTARA analogshareda multiplexoraddresswith otheranalogsthatwouldbe
convertedat nearlythesametime. To addressthis problemandtheseparateproblemof a
SingleEventUpsetin theA/D conversioncircuit,softwarewasaddedthatignoredanalog
signalsthatproducedtoolargeof a stepchangein onecycle. This secondchangealso
providedsomeprotectionto suddenfailuresof theanalogoutputsfrom not only the
TARAs, but the Reaction Wheel tachometers as well.

Both the Coarse and Digital Sun Sensors used for MAP are standard Adcole designs that

have been used on previous NASA GSFC missions. As such, their use produced few

design surprises, but an examination of uncalibrated on-orbit data shows the importance

of proper calibration for use in fault detection or rate derivation. MAP's twelve Coarse



SunSensoreyes(six perACE) showedexceptionalperformancethroughtheearlyphase
of themission,duringSunAcquisitionandInertial Hold onthe sunline.Theagreement
wasbetterthan2°, andgenerallycanbeattributedto the lackof albedoexperiencedby

MAP throughits missiontrajectory. Ontheotherhand,oncethespacecraftwasslewed
out to the22.5° sunoffset,theCSSalgorithmcalculateda30° sunangle.Hadit been

genuine,thissunanglewouldhavebeenenoughto thermallyshocktheInstrument,thus
it resultedin anFDCfailure that normally would cause a switch to Sun Acquisition

Mode. Quick work by the Flight Operations Team avoided this FDC action, but the

apparent discrepancy between the sunline data and other data needed to be studied. The

results are not surprising, considering the MAP CSS algorithm was designed with the

assumption that each CSS provided an output relative to the cosine of the angle between

the boresight. While that is an appropriate approximation, the field of view of each

sensor is actually limited to +80-85 °, and the orientation of the eyes introduced errors

between the expected and actual output as the spacecraft sun angle increased.

Interestingly, the errors began to decrease once the spacecraft sun angle passed 30 ° , so

concerns about orbit adjust maneuvers performed at a 45 ° spacecraft sun angle were not

realized.

The calibration of the Digital Sun Sensor became important in the context of its use as a

replacement for a failed TARA rate axis. Adcole provides nine calibrated coefficients for

each axis of its DSS, but the default coefficients were mistakenly loaded at launch and

through IOC. Rate performance during this period shows the risk with using improperly

calibrated sensors. In particular, the DSS X-axis rates show up to 0.1 °/second rate errors

as compared with TARA rates. NASA GSFC's Flight Dynamics Facility has developed a
twelve-coefficient DSS calibration that enhances Adcole's nine-coefficient calibration

with three cross-axis coefficients. The result of this calibration is seen in DSS rate and

attitude performance, where rate errors have been reduced to 0.02°/second,

commensurate with attitude accuracy to 1 arcminute. The performance of the DSS Y

axis is even better, with rate errors less than to 0.005°/second, and attitude errors on the

order of 15 arcseconds.

MAP uses two separate sets of actuators to perform attitude control in the different

phases of its mission: REMs for control during orbit adjust and momentum unloading

maneuvers (known on MAP as Delta V and Delta H, respectively), and RWAs for control

during each of the other modes (Sun Acquisition, Inertial, Observing, and Safehold.)

Performance of both sets of actuators have been within specification, with each REM

producing a thrust within 5% of the "as designed" thrust and each reaction wheel

producing up to 0.215 Nm of torque with less than 0.025 Nm of torque error.

Nonetheless, each actuator has produced unexpected lessons learned during the IOC

phase.

A lesson of particular importance to the performance of Observing Mode was the need to

calibrate the RWA tachometer signals from each wheel. As mentioned earlier, each

wheel produces an analog signal to indicate the wheel's speed. In Observing Mode, these



signalsareusedin a feed-forwardloopto counteractgyroscopictorquesproducedby the
spacecraft'sspincrossedwith RWA momentum.Unfortunately,thesesignalswerenot
well calibratedat launch,resultingin ObservingModepointing errors. Themostobvious
symptomof this errorcouldbefoundin thespin-frequencyvariationin thecalculated
systemmomentum(whichshouldbenearlyconstant),aswell asthestepchangein the
samemeasurementasthespacecraftspun-upfrom InertialModeinto Observingorvice-
versa. A comparisonbetweenflight dataandaHigh-Fidelity simulationdetermineda
2.5%error in theRWA 1tachscalefactor,4.2%erroronRWA 2, and4.5%on RWA 3.

Observing Mode attitude control and system momentum data taken after the RWA

calibrations were updated show a significant improvement in performance.

The thrusters also provided surprises during IOC, though their performance through each

of the Delta V maneuvers would be considered exemplary. The first unexpected lesson

occurred during the first use of the thrusters. A conservative operations plan called for

short pulse tests for each thruster prior to their use in either Delta V or Delta H Mode.

This test used ground commands to pulse each thruster separately for 0.4 seconds and to

determine the resultant force and torque by the change in system momentum. The test

was to be repeated twice per thruster, as there was some concern about bubbles in the

Hydrazine fuel between the valve seats in each thruster. The first set of thruster firings

resulted in thruster scale factors that were only 65-75% of their "as designed" values, a

result that was not wholly unexpected given the possibility of bubbles discussed

beforehand. When the second test results (as well as results from tests performed on the

other ACE a day later) also resulted in the same scale factors, the bubble theory was

discarded. Inspection of thruster temperatures during each firing provide the actual

reason for the lower scale factor: the thrusters required on the order of 1-2 seconds to

reach steady-state temperature (and thrust), so a brief pulse is adequate to determine the

functionality of a thruster, but not to calibrate its thrust scale factor on-orbit.

MAP's initial Delta V calibration brought the final lesson to be discussed. The MAP

propulsion subsystem was designed without pressure regulators, as an unregulated

"blowdown" system. An anticipated blowdown is calculated for each burn, as this

pressure change is an important factor in the thrust to expect for a burn. During the first

calibration burn, the pressure dropped lower than predicted, then rose to the predicted

level after the burn completed. This unexpected pressure behavior is caused by the

exceptional thermal isolation of the fuel tank. The propulsion team's model assumes

isothermal expansion of the nitrogen gas used as a pressurant in the tank, but the tank's

insulation makes the system behave more like an adiabatic expansion. Thus, the

pressurant was actually cooled during the calibration burn due to the sudden expansion of

ullage volume, resulting in the larger than anticipated drop in pressure. The change was

most pronounced during the first burn, since the percentage change in pressurant volume

was the greatest during that burn. This effect did not significantly change Delta V

maneuver planning or execution; after the first burn, the effect was significantly reduced

by the smaller change in percentage of pressurant volume and the longer burn time,

which allowed the external heat to warm the pressurant to steady state.


